This study describes the effects of long-range transport of secondary airborne particles on local PM10 levels in Edinburgh (UK) during the period 1 January to 31 March 1996. Air mass back trajectories for each day were grouped into six atmospheric transport patterns to examine their influences on local PM10 concentrations. Significant differences in receptor PM10 concentrations were observed between the trajectory patterns (p = 0.1%). Air masses from Eastern Europe resulted in higher daily PM10 averages than any of the other patterns (p = 1.0%). Median PM10 concentrations in Edinburgh increased by 10-15 m g m -3 when air mass trajectories were from these regions. This effect should be considered by local authorities to acknowledge that not all PM10 sources are possible to control in local air quality management areas. Further evidence of the influence of long-range transport was found by detailed examination of the concurrent development of a pollution episode in Edinburgh, London and Belfast. Differences in the temporal development of the episode in the three cities were attributed to trajectory variations in the proximity of frontal weather systems.
Introduction
Particulate air pollution is associated with a range of effects on human health (COMEAP 1995) . Correspondingly, PM 10 (particulate material with aerodynamic diameter of less than 10 m m) is one of eight important air pollutants controlled by the UK government's National Air Quality Strategy (Department of the Environment 1997 , reviewed by DETR 1999 . The strategy requires local authorities to evaluate measures they have in controlling sources of PM 10 .
Airborne particulate matter can be of primary or secondary origin (APEG 1999) . Particles emitted directly from a source (the largest contributors being combustion processes) are defined as primary. Secondary particles are formed within the atmosphere from the chemical reactions of atmospheric gases, especially sulphur dioxide, oxides of nitrogen and volatile organic compounds (APEG 1999 , QUARG 1996 .
The effect of secondary particles on PM 1 0 measurements during elevated particulate matter episodes are described by King and Dorling (1997) . They suggest that winds entering the UK from the South and East form the majority of breaches of the UK PM 10 standard (50 m g m -3 expressed as a 24 h running mean; EPAQS 1995). King and Dorling (1997) examined a 29-month period from 1 November 1993 to 31 March 1996 which contained 15 such episodes. Stedman (1998) presents a method to distinguish between primary and secondary particle contributions during periods of elevated PM 10 in the UK showing that rural sulphate concentrations are indicative of the level of secondary particles.
The study described here investigated effects on local PM 10 levels in Edinburgh (UK) from trans-boundary transport of secondary airborne particles during the period 1 January to 31 March, 1996. PM 1 0 levels in Edinburgh were also compared against London and Belfast in a period of elevated pollution. Statistical analyses showed that trajectories from an Eastern European transport pattern resulted in higher PM 1 0 levels in Edinburgh than other transport patterns. Differences in the temporal development of the pollution episode in Edinburgh, London and Belfast were attributed to trajectory variations in the proximity of frontal weather systems.
Methodology

Pollution data
Measurements of PM 1 0 have been made on an hourly average basis in central Edinburgh since 15 October 1992. This station is a part of the Automatic Monitoring Network (AUN) in the United Kingdom. PM 10 is measured by a Tapered Element Oscillating Microbalance (TEOM) instrument (QUARG 1996) . The data for London and Belfast were also obtained from TEOM instruments at the London Bloomsbury and Belfast Centre AUN sites, respectively.
Air mass back trajectories
Statistical analyses were conducted on PM 10 measurements sorted into groups of similar air mass back trajectories. The computation of a back trajectory is based on the general principle of using time-dependent wind fields to calculate where in space a particular air mass has travelled from in order to arrive at the location of the sampling site. Stohl (1998) gives an excellent review of trajectory computation, accuracy and applications. Allowing for the limitations of accuracy discussed by Stohl (1998) , a trajectory can be defined as a twodimensional probability field, expressing the likelihood that an air parcel will have passed over a given region of pollutant emission (Samson and Moody 1980) . Back trajectories are one of the simplest indications of the potential for emissions from a source to reach a receptor. However, it should be remembered that removal and enhancement processes along the way can be overlooked (Dorling et al. 1992) . By using classes, instead of singular trajectories, the error from one or two misleading trajectories should be minimised. In this study, the back trajectories were divided into different classes depending on the geographical areas the air masses had passed over prior to reaching Edinburgh.
The trajectories were created by the European Centre for Medium Range Weather Forecasting (ECMWF) Reanalysis Project from the British Atmospheric Data Centre (BADC 1998). Back trajectories (duration = 6 days) were calculated at the 1000 mb pressure level for each day (at 1200 GMT) in the study period. This procedure gave latitude-longitude trajectory co-ordinates that were plotted on a land outline using the ARCINFO Geographical Information System. The trajectories were then divided depending on their geographical similarity. Six distinct classes of trajectories were created: Arctic (AR); Atlantic 1 (A1); Atlantic 2 (A2) (trajectories from the Atlantic Ocean passing over England on route to Edinburgh); Western Europe (WE); Eastern Europe (EE) (trajectories passing over the Baltic Area); and Scandinavia (S) (Fig. 1) . A more detailed examination was made of the differences in the PM 1 0 time-series for London, Belfast and Edinburgh during the development of a substantial pollution episode during the period 20 March 1996 to 22 March 1996. To interpret differences in the time series back trajectories were computed and compared for each site at 12 h intervals during the development of the episode.
Statistical analyses
The aim of the statistical analyses was to determine: (1) if there was a difference in contribution to local PM 10 levels between the six trajectory classes; and if so (2) which classes were different from each other? The Kruskal-Wallis (K-W) non-parametric test for more than two independent samples was used to check for the presence of differences in PM 10 concentration between the six trajectory classes (Neave and Worthington 1988) . The multiple comparison Dunn test (Dunn 1964) was then used to confirm which trajectory classes were different from each other. These two statistical methods have been successfully applied in earlier studies involving cluster-analysis of back trajectories (e.g. Brankov et al. 1998 ) and were found to be appropriate for the present work. 
Results and discussion
The median and spread of mean daily PM 1 0 concentrations recorded in Edinburgh for each of the back trajectory classes are shown in Fig. 2 . These data can be placed in context by comparison with longer-term PM 1 0 statistics. Prescott et al. (1998) showed that for the same monitoring site during the period October 1992 to June 1995 the mean and standard deviation of daily PM 1 0 concentrations were 20.7 and 8.4 m g m -3 , respectively. Minimum and maximum daily concentrations during 1992-1995 were 5 and 72 m g m -3 , respectively.
The total number of days investigated in the present study was 91. Out of these days, 4 were without daily mean PM 10 from the AUN site. The K-W hypothesis investigated was H 0 : The six classes were drawn from populations that have the same median, against H 1 : The six classes were drawn from populations that have different medians. The observations were ranked from 1 to 87 with 1 indicating the lowest PM 10 level. If H 0 in a K-W test is true the ranks should be randomly distributed between the six classes. The test compares each group's mean rank with the mean of all ranks and makes adjustments for ties (Neave and Worthington 1988) .
The mean ranks for the individual classes in the Kruskal-Wallis test are given in Table 1 . After correcting for 22 ties, the K-W H 0 hypothesis was rejected at the 0.1% significance level. This meant that it was appropriate to proceed with the Dunn test. For a conventional 1% significance level the multiple comparison procedure showed that the Eastern European trajectory pattern gave significantly higher PM 10 levels than all of the other patterns. No other significant differences were noted at the 1% significance level.
In agreement with earlier work in other UK locations (Stedman 1997, King and Dorling 1997 ) these data suggest that local PM 1 0 levels in Edinburgh may have been significantly influenced by imported particulate material in air masses passing over the city. The limited dataset examined in the present study suggests that on average the effect of Eastern European trajectories on the city is an increase in PM 10 concentration of 10-15 m g m -3 . Although the majority of measurements are below the UK environmental quality standard for PM 1 0 (50 m g m -3 measured as a 24 h running mean; EPAQS 1995), earlier epidemiological research has shown that concentration increases of this magnitude are significantly linked to health outcomes in the population of Edinburgh. In the period 1992-1995 (PM 1 0 concentration ranges given above) an increase of 4.8% (95% CI: 0.9% to 8.9%) in cardiovascular emergency emissions in the over 65 age group was associated with an increment of 10 m g m -3 in the three-day antecedent moving mean of PM 1 0 (Prescott et al. 1998) .
To examine the temporal development of pollution episodes across the UK, a period of the three-month dataset was selected when there was marked and rapid development of episode conditions in Edinburgh. One such period was on 20-21 March 1996 when PM 10 concentrations rose from approximately 20 m g m -3 (which, as noted above, is a fairly typical concentration in central Edinburgh) to over 120 m g m -3 in less than 24 h (Fig. 3) . It was suspected that increases in London and Belfast may have occurred slightly earlier and later, respectively, as a result of differences in distance from Eastern European sources. However, examination of the time series in Fig. 3 indicated that the data were more complex than this. The London data show a sharp rise of a similar temporal gradient as observed in Edinburgh. This increase took place 12-24 h before the rise in concentrations in Edinburgh. However, the London time series shows a very pronounced drop at approximately 0600 GMT on 21 March 1996. This pattern was consistent with a number of other automatic urban network sites in London.
In contrast, the time series for Belfast shows slightly higher PM 1 0 levels (up to 80 m g m -3 ) on 20 March. Fourteen hours later the levels in Belfast had dropped to be more consistent with the measurements in Edinburgh. A strong similarity exists between the time series for Edinburgh and Belfast on 21 March during the development of the episode.
These differences can be interpreted by examining the air mass back trajectories arriving at each of the three sites (Fig. 4) . On 20 March when relatively low concentrations ( < 20 m g m -3 ) were observed in Edinburgh the trajectories for this site originated to the East but did Fig. 4(a) ]. In contrast, concentrations of approximately 60 m g m -3 were observed in London which had a back trajectory in close proximity to this southern Baltic area. Belfast also exhibited relatively high concentrations (approximately 40 m g m -3 ) associated with an Atlantic trajectory passing over parts of southern England and Wales. Twelve hours later the trajectory for Edinburgh had not changed greatly [ Fig. 4(b) ]. In contrast, the trajectory for Belfast was now also from the same area over northern Denmark. Both sites exhibited relatively low PM 1 0 concentrations ( < 20 m g m -3 ). The trajectory for London had also changed considerably by this point and showed evidence of relatively slow movement over eastern France and the Paris area. Very high PM 10 concentrations (approximately 100 m g m -3 ) were observed at this time. Fig. 4(d) and Fig. 3 ].
The contrasting trajectories and pollution levels in the three cities can be interpreted from the prevailing synoptic situation. Figure 5 shows the presence of a centre of low pressure and occluded front in the English Channel at 1200 GMT on 20 March. The rapid fall in pollution concentrations in London at approximately 0600 GMT on 21 March coincided with the surface front reaching the capital with a corresponding change in air mass (to much less polluted air behind the front). The front did not reach Edinburgh and Belfast. However, the effect of the movement of the centre of low pressure was to shift the air mass trajectories into source regions in the vicinity of the Baltic States resulting in the sustained development of the pollution episode in the north of the UK. 
Conclusions
PM 10 levels were examined during a period of three months when episodes of particulate pollution were taking place. The occurrence of episodes was influenced by long-range transport from Eastern European source regions. PM 10 concentrations in Edinburgh increased by 10-15 m g m -3 when the air mass trajectories were from these regions. These data confirm that local PM 1 0 is often affected by sources out with local authority control and that PM 10 pollution requires additional regional-scale regulation as with sulphur and ozone precursors.
Spatial variations in the development of one pollution episode were examined at three different locations in the UK. The temporal development of the episode was markedly affected by long-range transport patterns which in turn were influenced by the relative position of the monitoring sites in relation to the prevailing synoptic weather pattern. Therefore it is difficult to generalise the relationship between daily 'weather type' and PM 10 pollution on a national basis even for a country as small as the UK. It is interesting to note that quite a pronounced relationship can be noted between long-range transport and local air quality using relatively simple isobaric back trajectories. It should be useful to extend this type of analysis to longer time periods using more accurate three-dimensional back trajectories.
